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Martensitic transformation, ductility, and
shape-memory effect of polycrystalline
Ni56Mn25 – xFexGa19 alloys
Buttons of high-temperature shape-memory alloy
Ni56Mn25 – xFexGa19 were prepared by arc melting under ar-
gon atmosphere. The specimens were hot rolled to 1 mm
plates, and their martensitic transformation behaviors, duc-
tilities, and shape-memory effects were investigated
through differential scanning calorimetry and bending tests.
It was found that the brittleness of polycrystalline Ni2MnGa
was ameliorated through introduction of a ductile phase by
Fe addition. Ni56Mn17Fe8Ga19 alloy shows great potential
as a practical high-temperature shape-memory alloy with
martensitc transformation start temperature above 200 °C.
It can bear strain of 6 % before fracture in bending tests
and shows a maximum reversible strain of 3.5 %.
Keywords: NiMnGa Heusler alloy; High temperature
shape-memory effect; Ductility; Martensitic transformation
1. Introduction
Although high-temperature shape-memory alloys
(HTSMAs) have been shown to be an interesting and im-
portant research subject for nearly three decades [1, 2],
some problems still remain unsolved in the HTSMAs re-
ported up to date. For instance, Cu-based and NiAl
HTSMAs are considered unstable [3, 4] because equilib-
rium phases detrimental to the shape-memory effect
(SME) precipitate at high temperatures. NiTiZr and NiTiHf
HTSMAs are too brittle for practical use [5]. As regards the
NiTiPd alloy, although its full recovery strain has been in-
creased to 5.5 % by proper thermomechanical treatment
[6], the high cost of Pd hinders its real application. The
studies to explore low-cost HTSMAs keep active.
Recently, Ni2MnGa Heusler alloys, which possess a bcc
L21 structure at high temperature and undergo a martensitic
transformation to a complex tetragonal structure upon cool-
ing, have been extensively explored as actuator materials
[7– 9]. Several papers [10, 11] revealed that a high marten-
sitic transformation temperature (up to 350 °C) exists in
NiMnGa alloys with Ni content higher than the stoichio-
metric Ni2MnGa. However, such alloys exhibit low Curie
temperatures and saturation magnetizations, and therefore
show little potential as magnetic shape-memory alloys.
Our previous work revealed that single crystalline
Ni54Mn25Ga21 exhibits a large reversible strain (6.1 %) and
a high martensitic transformation start temperature
(Ms > 200 °C), and that 1000 thermal cycles have little in-
fluence on the microstructure, the martensitic transforma-
tion behavior, as well as on its shape-memory effect [12].
This good thermal stability is thought to result from the
high degree of the self-accommodation of martensitic var-
iants [13]. All these make the NiMnGa alloy a promising
HTSMA. However, the brittleness of polycrystalline
NiMnGa ternary alloys is a vital obstacle to practical appli-
cations.
Therefore, this study was carried out to develop a ductile
polycrystalline HTSMA by adding Fe to the NiMnGa ter-
nary system. The addition of Fe is expected to introduce a
ductile fcc phase into the brittle NiMnGa alloys, leading to
an improvement in ductility while keeping a good shape-
memory ability.
2. Experimental
Ni56Mn25 – xFexGa19 (x = 0, 4, 8, 12, 16 in atomic percent)
polycrystals were prepared by melting relatively pure met-
als (99.9 %) under argon atmosphere using an arc melter.
Each specimen of about 50 g was remelted four times fol-
lowed by homogenization at 800 °C for 4 days in a sealed
quartz ampoule. The specimens were hot-rolled to make
thin plates of 1 mm thickness, which were heated at
800 °C for 30 min followed by quench into water. The
microstructures were identified at room temperature by
X-ray diffraction tests (Rigaku D/Max 2200 PC diffrac-
tometer with Cu – Ka radiation). The phase transformation
temperatures of the alloys were determined by differential
scanning calorimetry (DSC) (NETZSCH STA449) at cool-
ing and heating rates of 10 K/min.
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The specimens of 1 × 2 × 50 mm3 were cut in the rolling
direction from the heat-treated plates, and their SME was
examined by bending tests, as schematically shown in
Fig. 1 [14]. One end of the SME sample was clipped at the
center of the plate. The specimen was deformed at room
temperature, and then heated up to 400 °C for shape recov-
ery. The pre-strain, e = h/(d + h), is about 5.5 % in the pres-
ent study, and the recovery ratio was calculated as
R = (hd –hh)/hd.
3. Results and discussion
3.1. Microstructure and phase transformation behavior
Figure 2 shows the X-ray diffraction patterns of
Ni56Mn25 – xFexGa19 (x = 0, 4, 8, 12, 16) alloys measured at
room temperature. The Ni56Mn25Ga19 ternary alloy (x = 0)
shows typical non-modulated tetragonal martensite (de-
noted as M), which is the same as previously reported in
several references [15– 17]. No other phases were detected
in the Fe-free specimen. The Ni56Mn25 – xFexGa19 alloys
show additional diffraction peaks, as indicated by the ar-
rows in Fig. 2. The intensities of the additional peaks in-
creased with increasing Fe content, while their positions
were almost unchanged, which implies that a new phase
was formed by the addition of Fe, and the amount of the
new phase increased with increasing Fe content. The new
phase was confirmed as c (face-centered cubic) phase with
the main diffraction peaks of (111), (200), (220), (311),
and (222), as shown in Fig. 2. Among the c peaks, c(111)
and c(222) peaks overlap with M(222) and M(444) peaks,
respectively. The lattice parameter of the c phase is
a = 3.620 Å.
Light-optical micrographs of Ni56Mn25 – xFexGa19 alloys
are shown in Fig. 3. In accordance with the X-ray diffrac-
tion results, the Ni56Mn25Ga19 alloy (Fig. 3a) exhibits a
typical martensite structure with differ-
ent variants. The interfaces between
the martensite variants are straight and
clear. When 4 at.% Fe is added,
(Fig. 3b), a new phase with a granular
shape appeared at the boundaries of
variants and grains. The appearance of
these granules is in good agreement
with the X-ray diffraction results, im-
plying that the second phase must be
the c phase. With the increase in Fe
content, the amount and the size of c
phase increased gradually. When Fe in-
creased to 12 at.% (Fig. 3d) and to
16 at.% (Fig. 3e), the c phase is con-
nected forming a dendritic framework,
and the martensite variants become ob-
scure to be distinguished. The c phase
does not participate in the reversible
martensitic transformation [18, 19],
and its size, shape, and distribution
possibly have effects on the martensitic
transformation and the reorientation of
martensitic variants.
Table 1 summarizes the compo-
sitions, martensitic transformation
temperatures and latent heats of
Ni56Mn25 – xFexGa19 alloys. Mp de-
notes the peak temperature of marten-
sitic transformation during cooling
and Ap the peak temperature of the re-
verse transformation during heating,
and the hysteresis is the temperature in-
terval between Ap and Mp. The addi-
tion of Fe decreases the martensitic
transformation temperatures (Ap and
Mp) of Ni56Mn25 – xFexGa19 alloys.
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Fig. 2. X-ray diffraction patterns of Ni56Mn25 – xFexGa19 alloys meas-
ured at room temperature.
Fig. 3. Optical microstructures of Ni56Mn25 –
xFexGa19 alloys observed at room temperature
x = 0, (b) x = 4, (c) x = 8, (d) x = 12, (e)










































































When the Fe content increased from zero to 16 at.%, the Ap
temperature decreased from 452.4 to 90.3 °C, the Mp tem-
perature decreased from 400.9 to 80.6 °C, and the corre-
sponding hysteresis decreased from 51.5 to 9.7 °C, respec-
tively. The relationship between the martensitic
transformation temperatures and the Fe content is plotted
in Fig. 4. The martensitic transformation temperatures are
almost linearly decreased with increasing Fe content in
Ni56Mn25 – xFexGa19 alloys.
Ap(°C) = 454.5 – 24.1 × (at.% Fe)
Mp(°C) = 403.6– 21.2 × (at.% Fe)
Although the martensitic transformation temperatures de-
creased with Fe content in Ni56Mn25 – xFexGa19 alloys, both
Mp and Ap temperatures are still above 200 °C as long as
the Fe content does not exceed 8 at.%.
The latent heats of the martensitic and reverse transfor-
mations in Ni56Mn25 – xFexGa19 alloys reduced gradually
with increasing Fe content. This resulted from the decrease
in martensite amount with Fe content, as shown in Fig. 3.
3.2. Ductility and shape-memory effect
Bending tests were performed to examine the ductility of
Ni56Mn25 – xFexGa19 alloys, which was described by the
maximum bending strain before fracture. The results are
listed in Table 2. The ductilities of Ni56Mn25 – xFexGa19
alloys increased with the Fe content, indicating that the
amount of c phase plays an important role in improving
the ductility. The Ni56Mn25Ga19 and Ni56Mn21Fe4Ga19 al-
loys could not be hot-rolled to plates of 1 mm thickness
due to their brittleness. The Ni56Mn9Fe16Ga19 alloy, having
the greatest amount of c phase, bear over 14 % strain before
fracture. But its peak martensitic transformation tempera-
ture (Mp) is as low as 80 °C, which is not satisfactory for
HTSMAs [1, 2]. The Ni56Mn17Fe8Ga19 alloy shows a good
combination of moderate ductility (over 6 % strain before
fracture) and high martensitic transformation temperature
(Mp = 216.3 °C).
Consequently, the addition of Fe brings a dramatic im-
provement of NiMnGa polycrystals in hot workability and
room-temperature ductility due to the formation of the c
phase.
The SME of Ni56Mn25 – xFexGa19 alloys was also exam-
ined by bending tests, and the results are shown in Table 3.
The SME of the alloys decreased with increasing Fe con-
tent, because the addition of Fe introduces and increases
the amount of c phase, which does not participate in the re-
versible martensitic transformation, and hampers the reor-
ientation of martensitic variants.
The Ni56Mn17Fe8Ga19 alloy exhibits good reversible
strain of 3.5 %, moderate hot workability, ductility, and
high martensitic transformation temperature (Mp =
216.3 °C).
4. Conclusions
(1) The martensitic transformation temperatures of
Ni56Mn25 – xFexGa19 alloys gradually decreased with in-
creasing Fe content. But the martensitic transformation
temperatures of Ni56Mn17Fe8Ga19 are still over 200 °C,
which is good enough for HTSMA.
(2) The ductility of NiMnGa polycrystals could be im-
proved by introducing c phase by the addition of Fe,
while keeping their shape-memory abilities.
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Table 1. Martensitic transformation temperatures and the latent













Ni56Mn25Ga19 452.4 400.9 51.5 9.8 12.3
Ni56Mn21Fe4Ga19 385.0 339.8 45.2 6.1 6.2
Ni56Mn17Fe8Ga19 235.8 216.3 19.5 4.2 5.1
Ni56Mn13Fe12Ga19 146.3 132.1 14.2 2.9 3.4
Ni56Mn9Fe16Ga19 90.3 80.6 9.7 2.2 2.4
Fig. 4. Relationship between martensitic transformation temperatures
and Fe contents in Ni56Mn25 – xFexGa19 alloys.
Table 2. The ductilities of Ni56Mn25 – xFexGa19 alloys examined
by bending tests.
Sample (at.%) Maximal strain
before fracture (%)
Comments
Ni56Mn25Ga19 – Could not be
hot-rolled to 1 mm
Ni56Mn21Fe4Ga19 – Could not be












Ni56Mn25Ga19 – – –
Ni56Mn21Fe4Ga19 – – –
Ni56Mn17Fe8Ga19 5.5 64.3 3.5
Ni56Mn13Fe12Ga19 5.8 38.5 2.2










































































(3) The Ni56Mn17Fe8Ga19 alloy exhibits great possibility to
develop as a practical HTSMA. It shows high martensit-
ic transformation temperature (Mp = 216.3 °C), moder-
ate ductility (6 % strain before fracture), and a good
reversible strain of 3.5 %.
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